The unexpected encounter, 10 years ago, between human immunodeficiency virus (HIV) and the chemokine system has dramatically advanced our understanding of the pathogenesis of AIDS, opening new perspectives for the development of effective prophylactic and therapeutic measures. To initiate infection, the HIV-1 external envelope glycoprotein, gp120, sequentially interacts with two cellular receptors, CD4 and a chemokine receptor (or coreceptor) like CCR5 or CXCR4. This peculiar two-stage receptor-interaction strategy allows gp120 to maintain the highly conserved coreceptor-binding site in a cryptic conformation, protected from neutralizing antibodies. The differential use of CCR5 and CXCR4 defines three HIV-1 biological variants (R5, R5X4, X4), which vary in their prevalence during the disease course. The evolutionary choice of HIV-1 to exploit chemokine receptors as cellular entry gateways has turned their chemokine ligands into endogenous antiviral factors that variably modulate viral transmission, disease progression and vaccine responses. Likewise, the natural history of HIV-1 infection is influenced by specific polymorphisms of chemokine and chemokine-receptor genes. The imminent clinical availability of coreceptor-targeted viral entry inhibitors raises new hope for bridging the gap towards a definitive cure of HIV infection. 
The first close encounters
For more than 12 years after the discovery of human immunodeficiency virus (HIV) and its identification as the causative agent of AIDS (Gallo and Montagnier, 2003) , the intimate relation that this virus entertains with the chemokine system has remained elusory. The first connecting threads were independently established, with a remarkable temporal coincidence, by two research teams between the end of 1995 and the spring of 1996, culminating a long quest for two critical 'missing links' in HIV biology: on one side, the nature of the HIV-suppressive factor(s) released by CD8 þ T cells, whose major components were identified as three inflammatory CC chemokines, RANTES (CC-chemokine ligand 5 or CCL5), MIP-1a (CCL3) and MIP-1b (CCL4) (Cocchi et al, 1995) ; on the other, the identity of a second HIV cellular receptor (or coreceptor), besides CD4, which was shown to be a chemokine receptor-like molecule (Feng et al, 1996) , later named CXCR4. The extraordinary impact that these discoveries had on the HIV field is attested by the immediate chain reaction of breakthroughs that they triggered: within less than 1 year, five groups simultaneously reported the identity of a second major HIV coreceptor, CCR5; the discovery of a 32-bp deletion within the coding sequence of the CCR5 gene (CCR5-D32) provided the first conclusive evidence of genetically based resistance to HIV infection; and the CXC chemokine SDF-1 (CXCL12) was identified as a specific CXCR4 ligand (reviewed by Berger et al, 1999) . This fortunate season was followed by a series of additional findings that, altogether, have greatly advanced our knowledge of the biology and pathogenesis of HIV infection, opening new perspectives for the development of effective measures for the control of AIDS.
New insights into the HIV entry mechanism
A two-stage receptor-interaction strategy HIV has evolved a unique strategy of interaction with its cellular receptors, which provides an effective mechanism for concealing highly conserved neutralization epitopes from the attack of host antibodies. On the virion surface, the viral envelope is arranged in spike-like structures formed by trimeric complexes of gp120, the external subunit that mediates virion attachment, and gp41, the transmembrane subunit that mediates the fusion process. To trigger HIV entry, gp120 must sequentially engage two cellular receptor molecules: the CD4 glycoprotein and a coreceptor such as CCR5 or CXCR4. This two-stage receptor-interaction strategy allows HIV-1 to maintain the highly conserved coreceptor-binding surface in a cryptic conformation, unraveling it only upon binding of gp120 to CD4 (Figure 1 ). However, this occurs in a sterically and temporally constrained setting in close proximity to the cellular membrane, beyond the reach of complete antibody molecules (Labrijn et al, 2003) . The detection, albeit infrequent, of primary strains of HIV-1 (Zerhouni et al, 2004; Decker et al, 2005) and HIV-2 (Reeves et al, 1999) capable of infecting coreceptor-expressing cells in a CD4-independent fashion has led to postulate the existence of an ancestral HIV that could directly bind to coreceptors without the facilitating effect of CD4. The Achilles' heel of this putative ancestor and its present-day descendants is their marked sensitivity to antibody-mediated neutralization due to a constitutive exposure of the coreceptor-binding region (Kolchinsky et al, 2001) . Consistent with this concept, infected individuals possess high titers of antibodies specific for such region (Decker et al, 2005) , most likely elicited by shed monomeric gp120 complexed with cell-surface CD4, which continuously patrol against the in vivo emergence of CD4-independent variants.
Molecular anatomy of the coreceptor-binding surface of gp120
Mutagenesis and structural studies are unraveling with increasing definition the structural determinants of receptor and coreceptor recognition within the gp120 glycoprotein. In early domain-swapping experiments, the major determinants of HIV-1 coreceptor specificity were identified within the third variable (V3) domain of gp120 Cocchi et al, 1996) , which makes direct contact with the coreceptor during the viral entry process (Figure 1 ). However, the largest coreceptor-binding surface is provided by another gp120 region, the so-called 'bridging sheet' and adjacent structures (Rizzuto et al, 1998) . Being highly conserved, the 'bridging sheet' is believed to provide the common determinants of coreceptor recognition, whereas the structure and charge of the variable V3 loop dictate the specificity for CCR5 or CXCR4. Gp120 has been crystallized in two alternative conformations. Early studies were performed with CD4-complexed HIV-1 gp120, that is the competent form for high-affinity coreceptor binding : in this conformation, the 'bridging sheet' appears as a four-stranded antiparallel b-sheet (b2-b3 from the V1/V2 stem and b20-b21 from the C4 region) connecting the two major gp120 domains (inner and outer). More recently, crystals were obtained with CD4-unbound simian immunodeficiency virus (SIV) gp120 (Chen et al, 2005) , permitting one to visualize the native conformation before the dramatic structural reorganization induced by CD4 binding. Strikingly, the 'bridging sheet' in this structure is split into two b-ribbons, separated by a 20-25 Å space occupied by the a1 helix, providing a structural basis for the lack of coreceptor-binding competence of CD4-unbound gp120. One of the major limitations of the available structural information is that it was derived using monomeric gp120, which is immunologically and functionally different from the native trimer presented on the surface of infectious virions. Moreover, despite the recent crystallization of a CD4-bound HIV-1 gp120 containing the V3 region, which appears as an extended domain protruding toward the target cell membrane (Huang et al, 2005) , the structural basis of the coreceptor specificity of gp120 remains undefined.
Functional domains of the coreceptors
All the efforts aimed at defining the three-dimensional structure of the HIV coreceptors have so far been hampered by the inherent difficulties in crystallizing molecules belonging to the seven-transmembrane-domain G-protein-coupled receptor superfamily. Although studies with mutated or chimeric molecules have provided important information on the domains involved in the interaction with gp120, the emerging picture is complex. There is consensus that the N-terminal domain plays a critical role in the HIV-coreceptor function of both CCR5 (Doranz et al, 1997) and CXCR4 (Brelot et al, 1997) . This domain is post-translationally modified by the addition of sulfate moieties on tyrosine residues, which should facilitate electrostatic interactions with positively charged amino acids in the 'bridging sheet' and the V3 base (Farzan et al, 1999) . Another domain that is certainly involved in the HIV entry process is the second extracellular loop, which is believed to interact with the tip of V3 (Figure 1) . However, the available data are not univocal, particularly for CXCR4, and other domains may also play a role. The prevalent opinion is that the gp120-binding surface of the coreceptors is complex and varies, to some extent, according to the viral envelope examined, with critical residues dispersed throughout the extracellular domains. Of note, the signaling function of the coreceptors is not required for HIV entry (Cocchi et al, 1996; Doranz et al, 1997) . 
New insights into pathogenesis
A novel classification system Long before the discovery of the viral coreceptors, different biological phenotypes of HIV-1 were recognized, and their prevalence was correlated with the clinical stage (Schuitemaker et al, 1992) . The merging with the chemokine field has permitted to unveil the physiological basis of the biological variability of HIV-1, that is the differential usage of the two major coreceptors, CCR5 and CXCR4. As a result, a novel classification system has been devised, with three main viral variants distinguished on the basis of their ability to use selectively CCR5 (R5) or CXCR4 (X4), or either coreceptor interchangeably (R5X4). This classification has replaced the old and obsolete nomenclature based on cellular tropism (Tcell-versus macrophage-tropic) or giant multinucleated cell formation (syncytia versus non-syncytia inducer). It is now increasingly recognized that such distinctions were essentially laboratory artifacts: all primary HIV-1 isolates can indeed grow in primary CD4
þ T cells and readily induce the formation of syncytia in cells that express the appropriate coreceptors; furthermore, despite a persisting prejudice, most primary HIV-1 isolates have the ability to replicate to some extent in primary macrophage cultures, regardless of their coreceptor preference (Scarlatti et al, 1997; Simmons et al, 1998; Verani et al, 1998) . A restriction in cellular tropism is seen mainly with neoplastic CD4 þ T-cell lines that, with rare exceptions, selectively express CXCR4 and therefore fail to support the growth of R5 isolates.
A virus with a 'switch': in vivo evolution of HIV-1 Similar to other RNA viruses, HIV-1 is characterized by a high degree of genetic heterogeneity, classified into three hierarchical strata: genetic subtypes, isolates and quasispecies. Coreceptor specificity represents an additional, transversal stratum of heterogeneity, which often shows a characteristic evolution pattern during the natural course of HIV infection (Connor et al, 1997; Scarlatti et al, 1997) . The HIV-1 strains that are most commonly responsible for transmission and predominate during the long asymptomatic phase are almost invariably restricted to CCR5 usage (R5). They replicate efficiently in activated/memory cells, which express high levels of CCR5 and are particularly abundant in the gutassociated lymphoid tissue, which is now recognized as a primary site of HIV and SIV replication (Veazey et al, 1998; Brenchley et al, 2004) . Later in the infection course, concomitant with immunologic and clinical signs heralding disease progression, HIV-1 strains may emerge that use CXCR4, a homeostatic chemokine receptor expressed on a broader range of cells, including naïve/resting T cells and thymic precursors. This viral 'phenotypic switch' is likely to be fostered by the selective pressure of endogenous CCR5-binding chemokines, to which CXCR4-using strains are resistant. Such strains often display a promiscuous coreceptor usage, not only maintaining their ability to enter cells via CCR5, but also variably utilizing a series of minor coreceptors, like CCR2b, CCR3, CCR8, CX 3 CR1, CXCR6, D6 and RDC1; the latter was recently identified as an alternative SDF-1 receptor, besides CXCR4, and provisionally named CXCR7 (Balabanian et al, 2005) . Of note, patients may harbor mixed viral populations encompassing pure R5 strains along with CXCR4-using ones (Scarlatti et al, 1997) . Whether a highly promiscuous coreceptor usage constitutes a bona fide virulence factor for HIV remains uncertain. Unlike CCR5 and CXCR4, which are expressed and functional in the two major HIV-1 target cells, CD4 þ T lymphocytes and mononuclear phagocytes, most of the minor coreceptors show a low and/or tissue-specific expression pattern. Moreover, during the terminal stages of the disease, promiscuous viruses tend to be lost and replaced by pure X4 variants. However, it is possible that HIV-1 exploits minor coreceptors to colonize specific cellular or anatomical niches where the major coreceptors are limited or absent, as illustrated by D6-mediated infection of astrocytes (Neil et al, 2005) . What is the biological significance of the HIV-1 'phenotypic switch'? Based on its temporal relation with the disease onset, the emergence of CXCR4-using viral variants has traditionally been viewed as a 'causal' event that triggers a rapid acceleration of the disease. Additional ground to this concept is provided by the higher virulence or pathogenicity displayed by CXCR4-using strains in some experimental models, including their ability to induce an early in vivo loss (via depletion and/or activation) of naïve/resting T cells in macaques (Ho et al, 2005) . However, the simplistic model whereby HIV-1 evolves from a benign R5 form to a highly pathogenic CXCR4-using one that is the true cause of immunodeficiency is increasingly under challenge. One of the most evident inconsistencies is the fact that a large fraction of patients progress to full-blown AIDS without ever experiencing a 'switch' to CXCR4 usage. Although late isolates from these patients seem to be inherently more pathogenic and RANTES-resistant than early isolates (Karlsson et al, 2003; Koning et al, 2003) , they apparently remain 'monogamous' CCR5 users throughout the disease course. This pattern is similar to that observed in non-human primates infected with SIV, which never evolves to use CXCR4 even though its pathogenicity may increase during the late disease stages (Kimata et al, 1999) . Furthermore, studies by molecular amplification have proven that the emergence of CXCR4-using variants is neither a dominant nor an irreversible phenomenon: DNA sequences predictive of CXCR4 usage may be present in blood cells without any detectable replication of such variants, and in many patients CXCR4-using strains appear only transiently on a background of sustained R5 persistence (Ida et al, 1997; Shankarappa et al, 1999; Jensen et al, 2003) . Likewise, CXCR4-using viruses are preferentially cleared after the implementation of effective antiretroviral therapy (Philpott et al, 2001) . Altogether, these observations prove that CXCR4 usage is not an essential condition for the development of AIDS. If we revert the cause-effect relation, CXCR4-using HIV-1 might be regarded as a unique type of 'consanguine' opportunistic agent, which can only emerge after the development of the immunodeficiency patiently prepared by its R5 counterpart. As is the case with opportunistic agents, the early in vivo emergence of CXCR4-using strains seems to be hindered by negative selective forces, which are then weakened or lost with the progressive deterioration of immune functions.
What is the nature of the selective forces that restrict the use of CXCR4 during the initial phases of HIV infection? A putative transmission bias at the mucosal level, mediated at least in part by constitutive SDF-1 secretion (Agace et al, 2000) , is contradicted by transmission studies in non-human primates, as well as by the observation of an early R5 predominance also in hemophiliacs and intravenous drug users who acquired HIV-1 by the parenteral route. A biased in vivo expansion of R5 strains has been postulated based on the preferential tropism of such strains for CCR5 hi activated/ memory CD4 þ T cells, which would result in a larger viral burst size (Eckstein et al, 2001) ; however, this model is contradicted by the fact that most activated/memory CD4 þ T cells also express CXCR4, and that many primary CXCR4-using HIV-1 isolates are in fact dual tropic (R5X4) and therefore can also utilize CCR5 for entry. Thus, immunologic mechanisms (cellular or humoral) remain the most likely factors that prevent the early in vivo emergence of CXCR4-using HIV-1. Several lines of evidence corroborate this concept, including the selective purging of CXCR4-using variants observed at the time of antibody seroconversion in patients (Cornelissen et al, 1995; Lathey et al, 1997) and monkeys (Harouse et al, 2003) initially infected with a mixed (R5 þ X4) viral population, the re-emergence of X4 strains in dually infected monkeys after in vivo depletion of CD8 þ T cells (Harouse et al, 2003) and the recent paradigm shift indicating that the sensitivity of primary HIV-1 strains to antibodymediated neutralization may correlate with coreceptor usage (Lusso et al, 2005) .
Manipulation of the chemokine system by opportunistic agents
The chemokine system is a primary target for microbial manipulation, further attesting to its pivotal role in the orchestration of protective immune responses. Two families of large DNA viruses, the Herpesviridae and Poxviridae, have perfected the art of 'molecular piracy' during their evolution, hijacking and often reprogramming to their advantage multiple host genes involved in cell survival and antimicrobial immunity, including genes of the chemokine system (reviewed by Lusso, 2000) . Specifically, human cytomegalovirus encodes a functional HIV coreceptor homologous to human CCR1, whereas human herpesvirus (HHV)-8 encodes MIP-1-related viral chemokines that block HIV infection. Although these two herpesviruses cause severe opportunistic diseases in AIDS, it is still unclear whether their chemokine-system homologues effectively modulate the cellular tropism and replication capacity of HIV-1 in vivo.
Another intriguing observation is that several agents that actively replicate in HIV-infected patients are potent inducers of HIV-suppressive chemokines (Margolis, 2003) . For example, the favorable effect of coinfection with GB virus on the progression of HIV disease was associated with the ability of this flavivirus to induce the secretion of SDF-1 and CCR5-binding chemokines (Xiang et al, 2004) . Likewise, HHV-6, a CD4 þ T-lymphotropic virus frequently reactivated during the early symptomatic phase of HIV infection , was shown to induce high levels of RANTES in lymphoid tissue ex vivo, conferring a selective replication advantage to CXCR4-using strains (Grivel et al, 2001) . This model suggests a novel mechanism, triggered by opportunistic infections, for the 'phenotypic switch' of HIV-1.
Death by gp120: T-cell and neuronal apoptosis mediated by coreceptor engagement
Binding of virion-associated or soluble gp120 to coreceptors is not merely a mechanical event; quite to the contrary, it may induce physiological effects that are relevant to pathogenesis (Weissman et al, 1997) . In particular, engagement of CCR5 (Algeciras-Schimnich et al, 2002) or CXCR4 (Berndt et al, 1998) was shown to trigger apoptosis of both infected and uninfected T cells, which may represent a fundamental mechanism of immunologic damage in AIDS. Considerable interest is also focused on neuronal damage secondary to CXCR4 engagement by gp120 as a potential mechanism in the development of AIDS-dementia complex (reviewed by Gonzalez-Scarano and Martin-Garcia, 2005) .
Implications for natural and acquired immunity to HIV

Chemokines and other endogenous non-cytolytic mechanisms of virus control
The paradigm that soluble factors contribute to the control of viral infections without causing destruction of infected cells was established half a century ago with the discovery of type-I interferon (Isaacs and Lindenmann, 1957) . Non-cytolytic mechanisms of virus control have been documented in different models, including HIV (Walker et al, 1986 ) and hepatitis B virus (Guidotti et al, 1999) . Although interferon remains the antiviral cytokine par excellence, there is increasing awareness that viral replication can be controlled through the cooperative action of multiple factors secreted by different cells taking part in inflammatory reactions. In conflict with this prevalent view, however, the quest for the identification of the HIV-suppressive factors produced by CD8 þ T cells, often referred to as CD8 antiviral factor (CAF), has long been dominated by the 'single-factor' hypothesis, which has attempted to reconcile into a unifying theory a variety of results obtained in diverse experimental systems (Levy et al, 1996) . When RANTES, MIP-1a and MIP-1b were identified as major components of the HIV-suppressive activity of CD8 þ T cells (Cocchi et al, 1995) , it was immediately evident that CAF could no longer be ascribed to a single factor. Although the dominant role of CCR5-binding chemokines as CD8-derived HIV-suppressive factors has been widely confirmed, it is indisputable that CD8 þ T cells, and other immune cells alike, produce a complex array of substances with antiviral activity, some of which still await discovery. For example, both CD8 þ T cells (Yang et al, 1997) and macrophages (Verani et al, 2002) release soluble factors that block CXCR4-using HIV-1 variants; albeit still unrecognized, such factors are by definition distinct from CCR5-binding chemokines. In addition, the non-lytic HIV-suppressive activity of CD8 þ T cells is consistently stronger when a direct contact with infected target cells is allowed (Levy et al, 1996; Chun et al, 2001; Furci et al, 2002) , indicating that non-soluble (i.e. cell-associated) mechanisms are also operational. Altogether, these considerations reinforce the concept that a unifying theory of CAF is insufficient to account for the variety and complexity of experimental results thus far accumulated. What is the in vivo relevance of chemokines and other soluble factors as virus control mechanisms? Although several studies have attempted to establish a correlation between the clinical stage of HIV infection and the ability of CD8 þ or CD4 þ T cells to produce HIV-suppressive chemokines (or other suppressive factors), the results are still inconclusive. To further confuse the puzzle, there is growing awareness that such ability is determined, at least in part, by constitutive factors, as shown by the elevated chemokine levels measured in selected individuals or monkeys without previous retroviral exposure (Lehner et al, 1996; Rosok et al, 1997; Furci et al, 2002) as well as, more compellingly, in subjects carrying specific genetic traits (Paxton et al, 1998; Liu et al, 1999; . Despite the lack of clearcut correlation with the clinical stage, it is unquestionable that the endogenous production of soluble antiviral factors within the genital mucosa, lymphoid tissue or other anatomical sites may significantly affect the transmission, tissue tropism and replication of HIV-1, as well as, ultimately, the pace of disease progression. For example, the sustained production of RANTES, MIP-1a and MIP-1b detectable in HIV-infected lymph nodes since the early stages of infection (Trumpfheller et al, 1998 ) is likely to provide an effective barrier against the spread of R5 strains, thereby contributing to the slow disease pace commonly observed in HIV-infected individuals. With the progression of the disease, even though chemokine levels may remain sustained under the drive of chronic inflammation, viral strains with reduced or lost sensitivity to such chemokines start to emerge, progressively demoting this endogenous mechanism of virus control. Unlike CCR5-binding chemokines, the CXCR4 ligand, SDF-1, is a homeostatic chemokine that is constitutively expressed irrespective of inflammation. High levels are produced by epithelial cells of the genital and intestinal mucosae (Agace et al, 2000), suggesting a possible 'gatekeeper' effect against the transmission and early expansion of CXCR4-using HIV-1 strains. However, its rapid inactivation by serum exopeptidases (Delgado et al, 2001 ) and its limited activity against primary HIV-1 strains (Scarlatti et al, 1997) argue against a major role of this chemokine in the long-term control of HIV-1 in vivo.
Lucky defects: genetic basis of HIV resistance
Insightful clinicians have long focused their attention on two peculiar groups of individuals, the so-called exposed-uninfected (EU; subjects who remain persistently HIV-seronegative despite repeated high-risk sexual contacts) and the longterm non-progressors (HIV-infected subjects who maintain normal levels of CD4 þ T cells and low levels of viremia for prolonged periods in the absence of therapy), hoping that they might hold the key to elucidating mechanisms of natural resistance to HIV infection and disease. Soon after the connection between HIV and the chemokine system was established, genetic studies in EU subjects provided the first conclusive evidence that HIV resistance may be genetically determined, with the identification of a 32-bp deletion within the coding region of the CCR5 gene (CCR5-D32) that introduces a premature stop codon, resulting in a defective molecule that is not transported to the cellular surface (Liu et al, 1996; Samson et al, 1996) . The CCR5-D32 allele shows the highest frequency in Europe with a distinct north-to-south gradient, whereas it is extremely rare among east Asians, native Americans and Africans. In homozygotes, this 'lucky defect' confers a high degree of protection against HIV infection. Only a handful of cases of infected homozygotes has been reported, all carrying exclusively CXCR4-tropic HIV-1 strains; interestingly, the viral load in these subjects tends to be low (Sheppard et al, 2002) , reinforcing the concept that CXCR4-using viral strains face inherent obstacles in their replication in immunocompetent hosts. Although CCR5-D32 heterozygotes are not resistant to HIV infection, their disease progression is significantly delayed, most likely as a consequence of reduced CCR5 expression levels. Strikingly, the complete absence of CCR5 in homozygotes is not associated with any obvious clinical phenotype, even though the intensity of certain immune responses may be reduced (Fischereder et al, 2001) . A second crippling polymorphism, m303, that introduces a premature stop codon in the CCR5 gene has been identified in EU subjects (Quillent et al, 1998) . These extraordinary gene knockout 'experiments of nature' reiterate the central role played by CCR5 in the physiology of HIV infection and provide an important proof-of-principle of the potential safety of CCR5-targeted therapeutic strategies.
Studies of large epidemiologic cohorts have permitted to identify a series of other polymorphisms or duplications of chemokine and chemokine-receptor genes that exert variable effects on the progression of HIV disease (for a summary and references, see Supplementary Table 1 ). An important concept that is emerging from these studies is that the disease pace in each individual is not determined by a single genetic polymorphism, but rather by the combined effects, often divergent, of multiple genes, and is further modulated by the genetic background of the racial group.
Implications for an HIV vaccine
The connection between HIV and the chemokine system also has implications for the development of an effective HIV vaccine. First, it has fostered our understanding of the early interactions between the viral envelope and its cellular receptors, which involve most of the conserved epitopes targeted by broadly neutralizing antibodies, the primary ingredient of a protective vaccine (Zinkernagel, 2003) . Unfortunately, HIV-1 has evolved an extraordinary array of shielding mechanisms that prevent the elicitation of and recognition by such antibodies . One of the most effective, as discussed above, is the cryptic conformation adopted by the coreceptor-binding site of gp120. Thus, despite its critical role in the viral entry process and its documented immunogenicity in humans (Decker et al, 2005) , this region is generally discounted as a vaccine target. Nevertheless, some epitopes overlapping or neighboring the coreceptor-binding surface are at least partially accessible in the native, CD4-unbound envelope oligomer (Moulard et al, 2002; Labrijn et al, 2003) , providing a basis for the use of the CD4-triggered envelope or rationally designed synthetic immunogens mimicking this region as a means to induce broadly protective antibodies.
A second implication is the potential value of chemokines as correlate markers of vaccine-elicited protection, as suggested by studies in non-human primate models (Lehner et al, 1996) . The mechanisms of chemokine induction by vaccination are still incompletely understood. Chemokine secretion is physiologically associated not only with innate but also with adaptive immune responses, as seen with nominal antigen-stimulated CD8 þ and CD4 þ T cells (Yang et al, 1997) . However, it is evident that the magnitude of chemokine responses is also significantly modulated by genetic factors. Will chemokines effectively play a role in the protective immunity elicited by an HIV vaccine? In any kind of vaccine, locally released chemokines contribute to the generation of protective responses through the recruitment and costimulation of specific immune cells, providing a rationale for the use of chemokines as 'intelligent' vaccine adjuvants. In the case of HIV vaccines, however, the produc-tion of CCR5-binding chemokines will have the bonus effect of creating a refractory milieu against the R5 HIV-1 strains commonly implicated in HIV-1 transmission.
A new therapeutic principle
The past decade has witnessed extraordinary advancements in the therapy of HIV infection. The introduction of viral protease inhibitors in 1995 has permitted to formulate multidrug combination protocols, commonly referred to as highly active anti-retroviral therapy (HAART), which have dramatically changed the natural history of HIV disease, leading to long-term disease-free survival associated with durable containment of HIV replication. Despite their undeniable efficacy, HAART protocols nonetheless suffer from important limitations, including the rapid virus-replication rebound after withdrawal, the increasing emergence and transmission of multiresistant viral strains, difficulties in schedule compliance and severe side effects. Most strikingly, in the face of long-term virus suppression, not a single case of HIV eradication has been convincingly documented to date. Altogether, these considerations underscore the necessity to develop novel and more effective therapeutic tools.
By interfering with the function of the HIV coreceptors, chemokines provide a new therapeutic principle. At variance with the viral-enzyme inhibitors used in HAART, coreceptor inhibitors lock HIV outside the target cell and thereby should limit the ability of the virus to replenish its latent cellular reservoirs, which represent the primary hurdle on the way toward HIV eradication. In this regard, encouraging results have recently been reported using the prototype HIV-entry inhibitor, the gp41-targeted peptide T20, in combination with valproic acid (Lehrman et al, 2005) . Coreceptor inhibitors are also receiving increasing attention as topical 'microbicides' for the prophylaxis of HIV transmission. Proof-of-principle of the efficacy of CCR5 blockade in preventing transmission was recently obtained in female macaques using a potent chemokine analogue, PSC-RANTES .
Why are chemokine receptors attractive targets for antiviral therapy? A major advantage is that they are highly conserved cellular structures and, therefore, not liable to escape mutation. Moreover, no evidence of coreceptor-independent infection has so far been reported, suggesting that coreceptors are inescapable gateways for HIV. Finally, chemokine receptors belong to the superfamily of seventransmembrane-domain receptors, which includes several successful drug targets.
Of targets and caveats
Efforts aimed at developing HIV-1 coreceptor inhibitors have focused on CCR5 and CXCR4, the only two coreceptors of recognized biological relevance. CCR5 is undoubtedly a primary target because of its pivotal role in the transmission and spread of HIV-1 during the entire course of the infection; by contrast, CXCR4 is used almost exclusively by strains that emerge during the advanced stages of the disease. Thus, a rational strategy would be to hit CCR5 early and CXCR4 only later in the infection course. However, a popular concern related to the early use of CCR5-targeted inhibitors is the putative risk of exerting a selective pressure on the viral population, favoring the premature emergence of CXCR4-using strains. Is this a real issue? A first important consideration is that CCR5-targeted inhibitors will never be employed in monotherapy, but rather as components of effective drug combination protocols, which should minimize viral replication and, thereby, the risk of emergence of escape mutants. Moreover, as discussed above, individuals that are still immunocompetent possess inherent restrictive mechanisms that impede the emergence of CXCR4-using variants. The potency of such forces is illustrated by the lack of switch to CXCR4 usage throughout the long asymptomatic phase of HIV-1 infection despite the sustained selective pressure of endogenous CCR5-binding chemokines produced at high levels in lymphoid tissue (Trumpfheller et al, 1998) . Moreover, evidence obtained both in vitro with HIV-1 (Kuhmann et al, 2004) and in vivo with SIV (Biancotto et al, unpublished) indicates that resistance to CCR5-targeted inhibitors may develop without a switch in coreceptor usage, implying that the viral envelope can devise alternative modes of interaction with CCR5. Regardless, the addition of an effective CXCR4-targeted inhibitor to the drug cocktail for asymptomatic patients might be a reasonable safety measure. The therapeutic efficacy of blocking CCR5 was recently proven in a short-term phase IIa monotherapy trial with the most advanced CCR5 antagonist, Maraviroc, which induced a 41.6 log 10 reduction in plasma viral load (Fatkenheuer et al, 2005) .
The use of coreceptor inhibitors late in the course of HIV infection poses a different set of caveats. Targeting CXCR4 during this phase is rational, but it has to be recalled that many CXCR4-using isolates exhibit a promiscuous coreceptor usage and therefore can bypass CXCR4 for entry. In fact, the clinical development of a small-molecule CXCR4 antagonist, AMD3100, was halted because of limited efficacy (Hendrix et al, 2004) , emphasizing that blockade of CXCR4 alone is insufficient for an effective HIV control. Thus, the addition of CCR5 inhibitors is warranted even in the advanced disease stages, also in consideration of the frequent back-switch to pure CCR5 usage documented in patients responding to HAART treatment (Philpott et al, 2001 ).
An important concern with the use of coreceptor inhibitors is the risk of interfering with the physiology of either the inflammatory (CCR5) or homeostatic (CXCR4) chemokine systems. Blocking CCR5 is generally considered safe because its congenital deficiency in CCR5-D32 homozygotes and knockout mice is not associated with any obvious pathology; conversely, the use of CCR5 agonists could in principle induce inflammatory side effects. Regarding CXCR4, despite the lethal phenotype documented in knockout mice (Zou et al, 1998) , its role in the adult life-that is, the physiological recirculation of leukocytes and hematopoietic precursors-is apparently less vital. Although there is no doubt that an ideal coreceptor inhibitor should be devoid of both agonistic and antagonistic activities on the chemokine-receptor function, most of the inhibitors identified to date are not. Finally, another critical issue that needs to be considered is selectivity: coreceptor inhibitors may crossreact with other receptors of the same superfamily, which are widespread in higher organisms, causing side effects unrelated to interference with the chemokine system.
Uncoupling HIV blockade from receptor activation
Two main strategies have been undertaken for the generation of coreceptor-targeted inhibitors: the high-throughput screening of large chemical libraries and rational design based on the structure of HIV-suppressive chemokines. A series of inhibitors targeting CCR5 and/or CXCR4 have been obtained, including small-molecule inhibitors, modified full-length chemokines, shorter derivative peptides, antibodies and gene therapy approaches (for a summary and references, see Supplementary Table 2 ). Some of these molecules have already progressed through the initial stages of clinical experimentation. Of note, the development of two small-molecule allosteric CCR5 antagonists, SCH-C and Aplaviroc, was recently halted because of cardiac and hepatic toxicity, respectively, most likely due to crossreactivity with structurally related receptors in these organs. These problems emphasize the potential limitations of high-throughput screening strategies for the discovery of inhibitors with high target selectivity.
A variety of approaches have been devised for the rational design of coreceptor inhibitors. One of the most widely explored has been the introduction of targeted alterations into native chemokines with the aim of reducing their receptor-agonistic activity and/or enhancing their antiviral potency. The addition of hydrophobic groups to the aminoterminus of RANTES has yielded potent anti-HIV molecules, such as AOP-, NNY-and PSC-RANTES, which induce sustained CCR5 downmodulation (Hartley and Offord, 2005) . However, these analogues maintain a strong agonistic activity, which is undesirable in the perspective of a clinical use; moreover, the need for chemical modifications makes them unsuitable for in vivo expression strategies. A partial dissociation of the antiviral and receptor-triggering functions was obtained with another analogue, C1C5-RANTES, in which the N-terminal domain is profoundly rearranged owing to the introduction of a new disulfide bond (Polo et al, 2000) . As this analogue contains only natural amino acids, it can be expressed in vivo using viral or bacterial vectors.
An alternative approach has stemmed from structurefunction studies of RANTES (Nardese et al, 2001) . The major determinants of anti-HIV activity have been mapped to two clusters of aromatic residues within the N-loop and b1-strand regions, respectively, which contribute to the formation of a large solvent-exposed hydrophobic surface postulated to serve as the major CCR5-binding interface (Figure 2 ). Dimeric peptides derived from such regions exhibit specific activity against R5 HIV-1 strains, but fail to induce receptor activation, which in RANTES is mediated by the N-terminal domain (Gong et al, 1996) ; to the contrary, they act as receptor antagonists and therefore might exert anti-inflammatory 'side effects' of potential benefit in the treatment of AIDS. These results have provided the most conclusive evidence that the antiviral and signaling functions of CCR5-binding chemokines can be uncoupled, an essential principle for the development of safe and effective coreceptor inhibitors. The structure-function relations are different in SDF-1, where both the antiviral and signaling activities are mediated by the N-terminal domain (Heveker et al, 1998) . Structure-guided modifications of the native N-loop/ b1-strand sequence of RANTES have led to the production of second-and third-generation peptides with antiviral activity within the nanomolar range (P Lusso et al, unpublished) . This approach illustrates how, in the absence of structural information on the target receptor, the structure of a naturally selected ligand can be exploited as a guide to the rational design of specific inhibitors.
Conclusions and perspectives
The collision between the worlds of HIV and the chemokine system has had extraordinary inseminating effects, disclosing new horizons to our knowledge of the biology and pathogenesis of HIV infection. The advancements made in this field over the past 10 years have raised a cautious optimism on the possibility of developing novel therapeutic and prophylactic measures for the control of the AIDS epidemics. One of the most successful examples is the imminent availability of safe and effective CCR5-and CXCR4-targeted inhibitors. Their inclusion in multidrug combination protocols will permit to fully evaluate the impact of viral-entry blockade on the formation of latent HIV cellular reservoirs, which constitute the primary stumbling block on the way toward the final goal of HIV eradication.
Supplementary data
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